In order to elucidate the effect of the microstructure on fatigue behavior of ultrafine grained copper, fatigue tests were conducted using copper processed by equal channel angular pressing through 4, 8 and 12 pass numbers. The evolution of microstructure and surface damage during cyclic stressing was monitored. For samples processed by 8 and 12 passes, dynamically recrystallized grains were formed and these grew with subsequent stressing. Slip bands were initiated inside such grains. For samples processed by 4 passes, the formation of slip bands was likely to occur inside dynamically recovered coarse grains. The physical basis on the phenomena leading to the initiation of fatigue cracks was discussed from the viewpoint of microstructure and surface damage evolution.
Introduction
For the envisaged structural applications, the fatigue characteristics of UFG materials have been studied with a particular focus on S-N plots, formation of shear bands and underlying microstructural mechanisms [2] [3] [4] [5] [6] [7] . Regarding slip band formation in conventional grain-sized materials, the larger the grain sizes are, the smaller the slip resistance is. Therefore, the resistance to generation of decisive localized damage which cause the stress concentration required for fatigue crack initiation is reduced in the coarse grains. It has been shown that coarse grains are formed in the post-fatigued UFG copper as a result of dynamic recrystallization [5, 8, 9] . This indicates that the coarse grains in UFG copper should become the initiation site of fatigue cracks, because that fatigue cracks are generally initiated on the specimen surface at sites of severe cyclic strain localization. On the other hand, since the physical and mechanical responses of materials and alloys are significantly affected by the microstructure, e.g., the dependence of the yield stress (YS) on the grain size is well described by the Hall-Petch relationship, grain refinement achievable by SPD techniques has been of particular interest over the past few decades. The UFG microstructure processed by ECAP is sensitive to the parameters of the procedure, such as route, number of passes, deformation rate, shape of the die and temperature [10] . In order to elucidate the effect of the microstructure on fatigue strength of UFG materials, the change in morphological features of surface damage as a result of cyclic stressing should be monitored. However, such studies are few and certain questions remain unanswered.
In the present study, fatigue tests of copper (99.99% Cu) processed by ECAP through 4, 8 and 12 passages were carried out under the same test conditions. The effect of number of passes on the phenomena leading to the initiation of fatigue cracks was discussed from the viewpoint of microstructure and evolution of surface damage as a result of cyclic stressing.
Experimental procedures
The material used was pure oxygen-free copper (99.99 wt% Cu). Before ECAP processing, the materials were annealed at 500°C for 1 h (grain size, 100 m). The ECAP die had a 90° angle between intersecting channels. The angles at the inner and outer corners of the channel intersection were  = 90° and  = 45°, respectively. For this die geometry with a 45° outer corner, the plastic strains were not confined within the plane of intersection between two channels as is assumed in ECAP by simple shear (the deformation zone in the present die has a fan shape), giving rise to inhomogeneity of plastic strain in the channels. However, the effect of the die shape on the experimental results appeared to be negligible as was discussed in a previous work [11] . Repetitive ECAP was following route Bc (after each pressing, the billet bar was rotated 90° in the same sense around its longitudinal axis). The ECAP processing was conducted at a room temperature. MoS2 was used as a lubricant for each pressing, and the pressing speed was 5 mm/sec. The number of ECAP passes used in this study was 4, 8 and 12, and hereafter samples are referred to as UFG 4, 8 and 12, respectively. Using the investigation of Iwahashi et al. [12] it was determined that the equivalent strain, , was 3.9, 7.8 and 11.7 for UFG4, 8 and 12, respectively.
The tensile test specimens were cylindrical, 4 mm in diameter and 40 mm long. The tensile tests were conducted on all the specimens at room temperature on an Instron-4208 testing machine at a strain rate of 1.6 × 10
. Round-bar fatigue specimens, 5 mm in diameter, were machined from their respective processed bars. Although the specimens had shallow circumferential notches (20 mm notch radius and 0.25 mm notch depth), the fatigue strength reduction factor for this geometry was close to 1, meaning that specimens could be considered plain. In order to remove any surface layer affected by the machining, the specimen surfaces were polished electrolytically approximately ≈25 m from the surface layer prior to fatigue testing.
All fatigue tests were performed at room temperature using a rotating-bending (R-B) fatigue machine of constant bending-moment type operating at 50 Hz. The fatigue damage on the specimen surface was observed using an optical microscope (OM) and a scanning electron microscope (SEM). The stress value used was the nominal stress amplitude,  a , at the minimum cross-section (5 mm diameter).
The distribution of the grain sizes and GB misorientation were determined by electron backscatter diffraction (EBSD) analysis. The specimens were ground using silicon carbide paper and polished with polycrystalline 3 and 1 m diamond suspensions. Final polishing was performed using a 0.04 m colloidal silica suspension for 30-60 min. EBSD mapping was executed using a Tescan Mira II SEM incorporating an EDAX-TSL Hikari EBSD detector. Each hexagonal pixel was 40 nm for the UFG copper samples and 1.0 m for the CG copper samples. Orientation imaging microscopy (OIM) analysis software version 5.3 was used to analyze the orientation characteristics and the misorientation distribution. For the measurement of grain size, the specimens were mechanically polished to a thickness of 100 μm and then subject to twin-jet electropolishing using a solution comprising 200 mL of CH3OH and 100 mL of HNO 3 . The jet thinning was conducted at -30°C. Grain sizes were measured using a JEOL JME-2100F instrument at 200 kV.
The degree of non-equilibrium in the microstructure was measured using differential scanning calorimetry (DSC). The sample and reference were placed in thermally balanced alumina pans. The reference was made of the same copper as the sample but it was in the fully annealed state. All the experiments were performed using a nitrogen atmosphere in a DSC chamber with continuous heating and a ramp rate of 10°C/min up to 450°C. A large number of dislocation began to be observed in the specimen even after the 1st pass. After the 4th pass, equiaxed grains tended to form with an average size of 300 nm. The size of these grains did not vary with further ECAP process up to 12 passes. Once the equiaxed grains formed, the dislocation density inside the grain appeared to decrease with further ECAP process. To confirm this notion of the dislocation density reduction with the ECAP process, the heat flow values of the specimens with different ECAP process cycles were measured by using DSC (Table 1 ). The rationale for this measurement is that the heat flow of pure copper would be solely controlled by the generation and/or annihilation of dislocations and grain boundaries (GBs) during ECAP processing, unlike the other alloys that either have had precipitation hardening or a solid solution-hardening mechanism. As might be expected, the heat flow values of the fully annealed copper were almost zero. With the ECAP process by one pass, the heat flow increased drastically accompanied with the increase in the dislocation density. Further the ECAP process, however, the stored energy, as represented by the heat flow value, began to gradually decrease reflecting the TEM observation shown in Figure 1 . Therefore, we believed that the tensile strength values of pure Cu increased with the increasing number of ECAP passes due to the strain hardening in the initial stage. Further ECAP process promoted the formation of equiaxed grains accompanied with the gradual decrease in dislocation density. Once the equiaxed grain formed, the decrease in dislocation density would be further accelerated due to the extremely high rate of dynamic recovery with the GB area acting as a dislocation sink. The strain hardening mechanism would then stop to operate, or, at least, the role of the strain hardening mechanism would be weakened. Instead, the fine GB hardening mechanism would begin to dominate after the 4th pass of ECAP process. The mechanical properties and heat flow (HF) value of the specimens are summarized in Table 1 . Figure 2 shows the YS, ultimate tensile strength (UTS) and tensile elongation (TE) values plotted as a function of the number of ECAP passes. Both YS and UTS values increased significantly in the initial stage (1 and 2 passes). After 2 passes, both values exhibited a gently increasing trend and tended to decrease in an increasing rate with the ECAP process from 8 to 12 passes. The TE dropped sharply after the first pass, followed by a temporary saturation trend during the 2nd to 8th passes. At the 12th pass, the TE dropped to about 60% of the 8 passes sample. Generally the plastic deformation depends on the generation and movement of dislocations. When the grain size is diminished to a submicron order, the cell-wall structures inside grains, which act as sources for dislocation, form with difficulty, leading to decreased ductility because of the suppressed generation of dislocations. Therefore, the microstructure of sample UFG12 with equiaxedgrains of submicron size exhibited reduced elongation. However, EBSD analysis ( [11, 13] Figure 4(a) ) showed that UFG4 and 8 had a heterogeneous structure with the presence of fine equiaxed grains and elongated large grains that contributed to a larger elongation than that of UFG12. Figure 3 shows S-N plots of data collected during stress-controlled fatigue tests. At high and medium stress amplitudes ( a > 100 MPa) a drastic enhancement of fatigue life occurred, which was attributed to grain refinement, e.g., the number of cycles to failure for UFG8 at  a = 130 MPa was about 15 times larger than that for annealed copper. However, the enhancement decreased with a decrease in stress amplitude; at low stress amplitudes corresponding to fatigue lifetimes above of 10 7 cycles, the S-N plots of all UFG copper samples tended to coincide with untreated conventional grain-sized copper. For the medium stress amplitudes corresponding to fatigue life from ~2×10 5 to 2×10 7 cycles, the difference in fatigue life with different pass numbers was clearly observed. Sample UFG12 presented the shortest life among the UFG samples. At high-stress amplitudes, however, the S-N plots tended to converge into one curve regardless of the number of passes. Regarding the fatigue strength of UFG copper at high-stress amplitudes corresponding to the LCF regime, it was shown [14] that the difference in purity was practically wiped off in S-N plots; nevertheless, the fatigue strength of highpurity copper at low-stress amplitudes was lower than that of low purity copper. It has been shown that the grain coarsening as a result of cyclic stressing occurs in UFG copper processed by SPD technique [5, 8, 9] . Figure 4 shows inverse pole figure (IPF) maps and GB maps of (a) a post-ECAP UFG8-sample (pre-fatigue), (b) and (c) samples fatigued with a constant stress of a = 240 and 90 MPa . The maps for fatigued samples were taken from regions adjacent to crack paths. the development of subgrains within elongated grains, isolated with LAGBs. Thus, the microstructure in post-ECAP copper has enhanced strain energy due to the redundant defect structure, and the microstructure is therefore in the process of evolving to equiaxed grains isolated with HAGBs. The post-fatigue microstructure subjected to the constant stressing experienced grain coarsening, but the coarse grain sizes depended on the applied stress amplitudes. At high stress amplitude of a a σ = 240 MPa, coarse grains evolved from 1 to 10 µm (Figure 4(b) ). At a low stress amplitude of σ = 90 MPa , long-term repetitions produced large coarse grains in excess of several tens of micrometers (Figure 4(c) ).
Experimental results and discussion
a Figure 5 shows the change in surface states due to constant stressing of σ = 90
MPa for (a) UFG4, (b) UFG8 and (c) UFG12. Prior to taking OM micrographs of damaged surfaces, the specimen surfaces were etched to reveal the microstructure after polishing off a few micrometers from the surface layers of the fatigued specimens. For UFG4 (Fig. 5(a) ), blurry bright areas appeared at N = 1.6 × 10 The initiation life of fatigue cracks should affect the fatigue life of the specimens. In addition, strain localization due to slip band formation are likely to lead to the crack initiation. Figure 6 shows the SEM micrographs of surface states around typical fatigue crack imitation sites for UFG4, showing a crack initiated within slip bands and a crack initiated at the boundaries of coarsened grains with slip bands. To elucidate the role of grain coarsening on the slip-band/crack formation, the changes in surface states due to cyclic stressing ( a = 120 MPa) were monitored in four areas (1.7×0.8 mm 2 × 4) set on the mid-surface of specimens. Figure 7 shows the change in surface states around the first formed damaged areas in the wholly monitored areas. The first slip bands of UFG12 were observed at 2.5×10 5 cycles. For UFG4 and 8, however, the first slip bands were recognized at 7.5×10 5 cycles. Regarding the formation pattern of the damaged areas, the pattern for UFG8 and 12 was distinguishable from that for UFG4. For UFG8 and 12, damaged areas formed at an early fatigue stage extended their sizes only with subsequent stressing. In other words, oriented slip bands inside the areas increased their length and number with cyclic stressing. For UFG4, damaged areas in close proximity were formed simultaneously. With further stressing, other damaged areas were incidentally generated in close proximity to the initial damaged areas after their slight extension, bringing the extension of damaged areas as an aggregate. Figure 8 presents the SEM micrographs of the damaged areas shown in Figure  7 . From the aspect of the slip bands seen in the SEM images for UFG8 and 12 ( Figure 8(b), (c) ), slip bands inside the island-like damaged areas had the same orientation as indicated by double-head arrows, suggesting the slip bands of single recrystallized grains. However, damaged areas for UFG4 (Fig. 8(a) ) consisted of slip bands formed in some adjacent grains with an individual crystallographic slip orientation.
Nuclei of dynamically recrystallized grains may be easy to generate in microstructure with a large fraction of HAGBs having high strain energy, such as UFG12. After the nucleation, the recrystallized grains continued to grow with cyclic stressing, followed by slip band formation inside evolved grains with a favorable slip orientation and size. Subsequent stressing brought a further increase in both grain size and number/length of slip bands. On the other hand, for UFG4, the formation of slip bands was likely to occur during the progress of the dynamic recovery process, meaning a limited involvement of the dynamic recrystallization on the formation of coarse grains at the initial stage of fatigue lifetime. Because the UFG4 microstructure had a high fraction of LAGBs and large elongated grain/cell structures with a high population of defects (dislocations/sub-GBs), coarse grains could form by annihilation of such defects inside or at boundaries of the original large elongated grains as a result of dynamic recovery, followed by slip band generation inside the coarse grains. With further cyclic stressing, the damaged areas became visible as the aggregates of recovered coarse grains with their specific slip orientations. Although the collective damaged areas (composed of some nearby damaged areas) in UFG4 were much larger than the largest damaged areas in UFG12, the size of damaged areas distinguished by a single slip orientation was larger in UFG12 than in UFG4 (Figure 8 ), indicating a lower resistance to crack initiation in UFG12. Accordingly, the shorter fatigue life of UFG12 at medium and low stress amplitudes resulted from diminished crack initiation life because of accelerated slip band formation caused by early formation of large recrystallized grains. It has been shown that the difference in pass number in UFG copper has a negligible effect on the crack growth rate [15] . Here, one should be aware that the occurrence of the dynamically recovered grains in UFG4 never imply no generation of dynamically recrystallized grains. Dynamically recrystallized grains larger than 100 m, which tended to form in the later stages of fatigue, were detected on the surface of postfatigued UFG4 specimens. The grain growth was notable at lower stress amplitudes with a large number of stress cycles to failure. Such a dynamic grain growth to a grain size of over 100 m during cyclic deformation would accelerate the fatigue damage accumulation process and drastically decrease the resistance to fatigue at a low applied stress range corresponding to fatigue lifetimes in excess of 10 7 cycles.
Summary
The main findings of this study can be summarized as follows: The UFG4 samples exhibited inhomogeneous microstructures including fine equiaxed grains and large elongated grains. The microstructure of UFG8 was composed of fine equiaxed grains and elongated large grains like UFG4, but both the fraction and size of the elongated grains were smaller than those of UFG4. On the other hand, the microstructure of UFG12 samples retained a large fraction of equiaxed grains with HAGBs. For UFG8 and 12, dynamically recrystallized grains were formed and these grew with subsequent stressing upon slip-band formation. Slip bands were initiated inside such grains. With further stressing, the coarse grains continued to grow and both the number and length of slip bands inside the grains increased with grain growth. For UFG4, the formation of slip bands was likely to occur during dynamic recovery. Because the UFG4 microstructure had a high fraction of LAGBs and large elongated grains/cells with a high defect population, coarse grains were produced by annihilation of such defects inside or at the boundaries of the original large, elongated grains as a result of dynamic recovery. Slip bands were formed inside such coarse recovered grains.
